###### Significance

Oxytocin has been thought to relieve pain of joint and muscle. In the present article, the analgesic effects of oxytocin by physical stimulation are expanded to its psychologic effects. We propose that the hypothalamic-pituitary-adrenal (HPA) axis and oxytocin comprise a candidate model to promote well-being in humans. For example, it can explain why mindfulness meditation, placebo, and fragrance can reduce stress and anxiety, resulting in contentment. The HPA axis-oxytocin model also addresses questions regarding emotional behaviors.

Oxytocin, a peptide hormone comprising 9 amino acids, is synthesized in neurons of the supraoptic nucleus and paraventricular nucleus of the hypothalamus after specific stimulation of the brain. These neurons project to the posterior pituitary, where oxytocin is released into the blood for delivery to the peripheral tissues as well as into the brain \[[@b1-16_132],[@b2-16_132]\]. In the peripheral case known as a neurohormone, the function of oxytocin is very much expanded, such as stimulation of epididymal and uterine muscle contraction and stimulation of the nipples from breastfeeding \[[@b3-16_132]\]. Oxytocin is, therefore, an important factor regulating the human life cycle and species propagation \[[@b4-16_132]\]. Oxytocin facilitates birth, lactation, maternal behavior, neocortical growth, and maintenance of the cortical blood supply \[[@b5-16_132]\].

Recently, the function of oxytocin in the brain is strongly noticed, because oxytocin causes the following two special actions: (a) physiologic integrity (parturition, sexual contact, aggressive attack, unpredictable threatening events, and interaction) and (b) enhanced sociality (affiliation, trust, mind reading, and social memory) \[[@b6-16_132]\]. In the case of enhanced sociality, changes in oxytocin levels in the central nervous system (CNS) and the peripheral nervous system (PNS) are considered a marker of social functioning \[[@b7-16_132]\]. Even in humans, oxytocin is thought to be released in the CNS as a social effector that is brought about by positive emotion or mood \[[@b8-16_132]\], and oxytocin stimulates various types of social interactions and promotes healing \[[@b9-16_132]\].

In the present review, we first discuss how oxytocin levels are increased in the human body by physical stimulation (e.g., vibration and massage of hair and hairless \[glabrous\] skin) via somatosensory organs. It has already been known that oxytocin release is induced by several types of nonn-oxious sensory stimuli \[[@b10-16_132]\]. Then, we propose a hypothesis that oxytocin levels are also increased by psychologic stimulation (e.g., mindfulness meditation, placebo, emotion, mood, and fragrance) via visual, olfactory, and auditory sensory organs.

Effects of physical stimulation of somatosensory organs on oxytocin levels
==========================================================================

To produce the effects of oxytocin in the body, oxytocin must modify the corresponding neural circuits in the CNS as well as in the dorsal horn (DH), and probably also the dorsal root ganglion (DRG) \[[@b11-16_132]\]. Oxytocin also moderates the autonomic nervous system and the vagal pathway, and has anti-inflammatory effects \[[@b12-16_132]\], and is well known to induce anti-stress effects, such as blood pressure and cortisol level reductions \[[@b13-16_132]\]. We recently reported the contribution of oxytocin to physical analgesia \[[@b14-16_132]\], which means that physical stimulation of the somatosensory organs induces an increase in oxytocin levels. In 2010, Morrison *et al.* proposed that skin can be considered as a social organ, because touches mediate social perceptions \[[@b15-16_132]\]. Our previous finding that physical stimulation of cutaneous receptors leads to the release of oxytocin may support this notion \[[@b14-16_132]\].

In a study of pain relief, we found that physical stimulation of hairy and glabrous skin relieves joint and muscle pain \[[@b16-16_132]\]. In patients with tennis elbow, pain was eliminated within four treatments with pyramidal thorn patches. The adhesion of a pyramidal thorn patch is thought to represent a gentle touch. Thus, we hypothesized that gentle stimulation by adhesion of pyramidal thorn patches activates Merkel cells directly under the skin as well as Merkel cell-neurite complexes around the hair follicles by deflecting hair, and its impulse signaling by a gentle touch is conveyed via Aβ fibers to alleviate pain sensations originally delivered via C and Aδ fibers \[[@b16-16_132]\]. This interaction between Aβ fibers and C/Aδ fibers occurs in the DH \[[@b17-16_132]\] and/or the DRG, and the pain reduction system is thought to include oxytocin \[[@b18-16_132]\]. The reduced pain signal is sent to the CNS, resulting in the perception of less pain. In analogy with our oxytocin hypothesis, massage, which is the most well-known method of systematic touching to soften skin tissues, including the back, neck, arms, and legs, can be considered to promote the release of oxytocin \[[@b19-16_132],[@b20-16_132]\].

In glabrous skin, Pacinian corpuscles play a leading role in the response to mechanical pressure, especially vibrational stimulation \[[@b21-16_132]\]. Vibration receptors are known to respond in a frequency-dependent manner, and the most sensitive vibration frequency is around 200 Hz \[[@b22-16_132]\]. In humans, the most typical glabrous skin areas are the palm of the hand and the sole of the foot, both of which are common targets of alternative medicine therapies \[[@b23-16_132]\]. The skin structure, including tissues and tactile receptors and the specific tactile receptors in the palm of the hand and the sole of the foot, are illustrated in [Figure 1](#f1-16_132){ref-type="fig"}. The classification of fast- and slow-adapting response receptor types is determined by the difference in mechanical impedance \[[@b24-16_132]\]. According to the numerous findings, it is reasonably suggested that transient receptor potential (TRP) channels act as tactile receptors \[[@b25-16_132]\]. The TRP channels activated by various extracellular and intracellular stimuli play variously physiological and pathological roles. There are seven families of TRPs including TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (polycystin), TRPML (mucolipin), and TRPN (*Drosophila* NOMPC) in mammals \[[@b26-16_132]\]. These channels are distributed on every cell in human bodies and activated by various harmful signals such as high temperature, UV radiation and toxic chemicals \[e.g., reactive oxygen species (ROS)\]. When these channels are activated, Na^+^ and Ca^2+^ enter into the cells with the different ratios, resulting in a change in the physiological states of cells. It has been recently suggested that TRPM2 are involved in the release of oxytocin from the nerve \[[@b27-16_132]\].

Effects of mindfulness meditation, emotion, and fragrance on oxytocin release
=============================================================================

Everybody has had an experience in which slow tempo music and a pleasant fragrance in a warm room made us relax. It is expected that oxytocin is released in the brain under such conditions \[[@b28-16_132],[@b29-16_132]\]. This is a type of emotional and/or mood stimulation of the brain that contributes to relaxation, trust, psychologic stability, and reduction of stress responses, including anxiety \[[@b8-16_132]\]. Oxytocin also induces an emotional sense of safety and high levels of social sensitivity \[[@b30-16_132]\]. Further, oxytocin affects prosocial behaviors. Prosocial behavior is a social behavior that benefits other people or society as a whole, such as helping, sharing, donating, co-operating, and volunteering \[[@b31-16_132]\].

On the other hand, exogenously administered oxytocin, such as by central administration or by nasal application, improves several social behaviors such as anxiety reduction and perceptual selectivity, thereby inducing various social effects \[[@b32-16_132],[@b33-16_132]\]. Pleasure is thought to be a social effect induced by oxytocin, and thus soft vibrational stimuli of glabrous skin (i.e., massage) probably induces oxytocin for relaxation \[[@b34-16_132]\]. Based on a similar logic, various types of brain stimulation by psychologic mechanisms, such as mindfulness meditation, are hypothesized to be accompanied by the release of oxytocin in the body \[[@b35-16_132]\]. In the meditation, the visual, olfactory and auditory senses are used to induce the psychologic effects, and thus the cortices in the CNS corresponding to these senses should be carefully examined.

There are many types of meditation, such as mindfulness meditation, mantra meditation, yoga, tai chi, and chi gong, in human society \[[@b36-16_132]\]. Among them, mindfulness meditation is commonly practiced for attention control, regulation of emotion, self-awareness and stress reduction \[[@b37-16_132]\]. Although many researchers have tried to uncover the brain function related to these types of meditation using functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and magnetoencephalography (MEG) \[[@b38-16_132]\], the underlying neural mechanisms remain unclear. The fMRI, however, gives us only the static information of images. The EEG, on the other hand, gives us the dynamic information, but the signals measured by channels indicate a complex sum of huge number of excited neurons that have no information of activated regions of the brain. The MEG was initially thought as an ultimate apparatus to obtain brain imaging, but it has eventually betrayed our expectation because of the extremely small signals.

Thus, we have begun to use near-infrared spectroscopy (NIRS) to clarify the underlying brain mechanisms \[[@b14-16_132],[@b39-16_132]\]. NIRS is a noninvasive neuroimaging apparatus with several potential advantages, especially in the fields of psychiatry and rehabilitation because of its dynamic images \[[@b40-16_132]\]. For example, fMRI apparatus is expensive and non-portable and the operation is limited in the magnetically-shielded room, whereas NIRS can be easily used without a special room and used as a portable apparatus. Further, the important difference between fMRI and NIRS is that subjects must assume the supine position for fMRI but they can keep the sitting or standing position for NIRS. This difference of a posture is thought to cause a large alternation of the autonomic nervous system \[[@b41-16_132]\]. Further progress with NIRS is expected in the near future, even though NIRS can only detect the information a few cm beneath the brain surface.

Neurobiological mechanism of placebo
====================================

The neurobiological mechanism for placebo effects is of deep interest. Placebo was initially presented as a result of treatment by pseudo medicine \[[@b42-16_132]\]. Approximately 25% to 30% of variance is observed in placebo analgesic responses \[[@b43-16_132]\]. Conditioning and expectancy are two of the most accepted theories in placebo response research. For example, an authoritative doctor's visit in which both the process of being treated (conditioning) and the physician's verbal suggestions that a treatment may be beneficial (expectancy) may promote a placebo response. Benedetti suggests that by examining placebo studies from the perspective of these different learning and verbal mechanisms, studies can be designed to investigate the effect of the placebo response on medical care \[[@b44-16_132]\]. That is, the placebo effect is thought to represent the manifestation of a proactive mind-body link that evokes an innate protective response.

The placebo effect seems to be a real neurobiological phenomenon \[[@b45-16_132]\], and the brain's 'inner pharmacy' is a critical determinant for the occurrence of psychobiologic and behavioral changes relevant to healing processes and well-being \[[@b43-16_132]\]. The placebo effect can induce relaxation responses by the activation of noradrenaline, nitric oxide (NO), and opioid signaling, both in the CNS and PNS \[[@b45-16_132]\]. Stefano *et al.* found that NO controls noradrenaline processes on many levels, including synthesis, release and actions, and finally proposed a model of peripheral relaxation with NO having the lead role \[[@b45-16_132]\]. Oxytocin is also thought to be involved in placebo. Harnessing the advantages of the placebo effect in healthcare, however, remains a challenge \[[@b46-16_132]\].

The neurobiological effects of mindfulness meditation, placebo and fragrance were thought to occur mainly by glia-neuron interactions in the DH and DRG \[[@b14-16_132]\], and the functions of the prefrontal cortex, the anterior cingulate cortex, the primary and secondary somatosensory cortices, and the periaqueductal gray in the CNS \[[@b47-16_132]\]. In addition, another neurobiological explanation for the effects of mindfulness meditation, placebo and fragrance may be provided by the concept proposed by Leknes and Tracey \[[@b48-16_132]\]. They proposed that pain and pleasure, which are considered opposites, can be sensed as "subjective utility" based on the studies of molecular imaging and animal use. They postulated that pain and pleasure can be described by activation of the opioid and/or dopamine systems. This proposal by Leknes and Tracey \[[@b48-16_132]\] and the proposal by Stefano *et al.* \[[@b45-16_132]\], as described above, led us to present our new model based on oxytocin.

Hypothetical model of well-being in humans by oxytocin-activated paraventricular nucleus and hypothalamic-pituitary-adrenal axis
================================================================================================================================

Some previous studies have suggested that when the paraventricular nucleus is activated, the oxytocin level increases, even during parturition \[[@b49-16_132]--[@b51-16_132]\], namely pain makes oxytocin, which may be a kind of innate protection system. This system may be a positive feedback system, although the detailed mechanisms are not yet known. If the oxytocin level in the CNS is controlled by such a system, it should be called "a well-being circuit" for the promotion of a healthy life, including the functions of increasing the saliency of social information and modulating pleasure \[[@b52-16_132]\].

As described previously, pain analgesia modulated by oxytocin in the DH and/or the DRG may be a key component of the peripheral part of the model. The role of oxytocin in the CNS is more complex, however, because it modulates neural circuits according to different types of behaviors such as sexual behavior, partner and maternal behavior, pair and social bonding, affiliative behavior, preference formation, grooming, nociception, sensory processing, anxiety, and feeding \[[@b53-16_132]\]. To understand the diversity of oxytocin functions in the CNS alone, we introduce the model that oxytocin activates the hypothalamic-pituitary-adrenal (HPA) axis and the paraventricular nucleus of the hypothalamus and stimulates NO release \[[@b54-16_132]\]. [Figure 2](#f2-16_132){ref-type="fig"} shows an improved model based on Esch and Stefano \[[@b55-16_132]\] for the formation of social bonding by oxytocin. The HPA axis is involved in the control of stress using adrenocorticotropic hormone (ACTH) and cortisol. However, as far as we know, the involvement of oxytocin in the pathways of well-being or stress reduction before and after the HPA axis has not yet been examined well. This is the important point in the present article. Repeatedly, we claim that the effects of oxytocin on the HPA axis are complex, for example oxytocin inhibits the basal activity of the HPA axis \[[@b56-16_132]\] and rather enhances the activity of the HPA axis during exposure to stress \[[@b57-16_132]\].

Psychologic stimulation, such as by mindfulness meditation, emotion, and fragrance, activates the HPA-axis via the amygdala and the paraventricular nucleus, leading to the release of oxytocin in the brain ([Fig. 2](#f2-16_132){ref-type="fig"}). We do not exclude the involvement of higher brain regions but now pay attention to the basic pathways expected in stress-responsive cascades in our present model. If mood, emotion, and relaxation adequately activate the HPA axis, the release of oxytocin is thought to be increased, resulting in a feeling of well-being \[[@b10-16_132]\]. Stress activates the paraventricular nucleus and HPA axis via either the locus coeruleus-norepinephrine (i.e., noradrenaline) or the hypothalamic-neurohypophyseal system \[[@b58-16_132],[@b59-16_132]\]. When oxytocin is produced in the CNS and partially released from the pituitary into the blood, stress is relieved \[[@b10-16_132],[@b60-16_132]\]. On the other hand, if an oxytocin release level is not sufficiently produced by mindfulness meditation, placebo, or fragrance, the sympathetic nervous system is thought to be stimulated by GABA and/or probably NO, which is released in the PNS \[[@b61-16_132]\]. As shown in [Figure 2](#f2-16_132){ref-type="fig"}, oxytocin increases appetitive motivation, social attachment, and well-being. These effects are characterized by the upregulation of the PNS.

Mechanism underlying the oxytocin-mediated regulation of neuronal functions
===========================================================================

The mechanisms underlying the oxytocin-mediated regulation of neuronal functions have been studied \[[@b62-16_132]\]. First, we should notice that a classical, autoradiographical study showed that the putative oxytocin receptors were abundantly present in several brain regions \[[@b63-16_132]\]. For example, the receptors were located in the olfactory nucleus, the hypothalamus, the amygdala, the septum, the paraventricular nucleus, and so forth. In particular, oxytocin receptors have been recently confirmed in the autonomic nervous system \[[@b64-16_132]\]. More recently, a study using oxytocin receptor-Venus mice provided a detailed distribution of oxytocin receptors at the cellular level \[[@b65-16_132]\]. Second, we would like to insist that oxytocin receptor is a G-protein coupled receptor (GPCR) \[[@b66-16_132]\]. GPCR is coupled with Gq proteins. That is, stimulation of GPCR produces inositol trisphosphate (IP~3~) and diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP~2~) via activation of Gq protein and phospholipase C (PLC) \[[@b14-16_132]\], resulting in activation of several types of TRP channels and eventually an increase in intracellular Ca^2+^ concentration from endoplasmic reticulum (ER) and from the outside of cells \[[@b67-16_132]\]. In the case of a GPCR-related Ca^2+^ entry from the outside of cells, transient receptor potential canonical (TRPC) channels are known to play an important role. TRPC carries not only Ca^2+^ but also Na^+^ from the outside to the inside of cells. Na^+^ entry via TRPC channels evokes a change in membrane potential (i.e., depolarization) and further induces Ca^2+^ entry via Na^+^/Ca^2+^ exchangers and voltage-dependent Ca^2+^ channels. Finally, oxytocin-induced Ca^2+^ elevation hyperpolarizes the cells by open of Ca^2+^-activated K^+^ channels (BK channels) \[[@b68-16_132]\].

Because endoplasmic reticulum (ER)-original and TRPC-related Ca^2+^ elevations are not a long-lasting phenomenon, the involvement of GABA receptors and the function of NO should be also taken into account \[[@b14-16_132]\] to prolong hyperpolarization as a supporting system, because GABA hyperpolarizes neurons, and NO is permeable to membranes and relaxes blood vessels \[[@b69-16_132]\]. That is, the functions of GABA and NO are thought to be associated with oxytocin. Recently, a role of the DH in inflammation-induced hyperalgesia was investigated, and phosphatidylinositol 3 (PI3)-kinase and its subsequent signaling were found to be involved \[[@b17-16_132]\]. Our model proposed in the present review is consistent with this view.

Relationship between oxytocin and mental disorders
==================================================

Recently, strong attention has been paid to the effects of oxytocin as a treatment on mental disorders. For example, studies in patients with schizophrenia that have investigated the effects of oxytocin at various levels, such as the levels of clinical symptoms, social cognitive function as assessed with experimental and neuropsychological tasks, and brain function as assessed using fMRI, showed that oxytocin was an ideal treatment \[[@b70-16_132]\]. Further, about developmental disability, changes in brain activity during judgments of socially and nonsocially meaningful pictures in children with autism spectrum disorder were examined using fMRI after intranasal administration of oxytocin \[[@b71-16_132]\]. In this study, oxytocin increased activity in the striatum and the other regions that have been previously implicated in reward; social attention, perception, and cognition; and detecting, decoding, and reasoning about mental states \[[@b72-16_132]\]. In particular, oxytocin increased activity during social judgments and decreased activity during nonsocial judgments. In the future, oxytocin will be used as a treatment more for mental disorders before evidence-based behavioral treatments.

Conclusions
===========

The HPA axis and oxytocin together comprise a strong candidate model to explain how, for example, mindfulness meditation, placebo and fragrance promote well-being. The causality between oxytocin level and well-being/stress reduction seems to be proved by fMRI examinations after intranasal administration of oxytocin \[[@b71-16_132]\]. As a biomarker for well-being, social bonding and so forth, quantitative measurement of oxytocin has been attempted in the blood, saliva, or urine \[[@b28-16_132]\]. The sensitivity of commercially available detection kits, however, is not sufficient. Therefore, we are currently developing a new ultrasensitive ELISA for detecting trace amounts of oxytocin \[[@b73-16_132]--[@b75-16_132]\]. There may be other types of small molecules sensitive to psychophysiologic activity of the CNS.

Finally, the role of the HPA axis in regulating the functions of the liver, stomach, and other organs via the sympathetic and parasympathetic nervous systems must be clarified. Generally, the activity of the autonomic nervous system can be measured by heart rate variability, respiratory wave pattern, and electrodermal activity \[[@b76-16_132]\]. These methods, however, cannot be used to directly obtain information about CNS activity. For this purpose, EEG and MEG are used to obtain the information of neural activity in the CNS, but they are not very good for quantitative analysis \[[@b77-16_132]\]. Further, as described earlier, fMRI is applied only to subjects in a recumbent posture, and thus this measurement is affected by the autonomic nervous system \[[@b41-16_132]\]. We believe that NIRS is also useful if a dynamic pattern analysis method is applied \[[@b39-16_132]\]. The combination between an ultrasensitive ELISA measurement of oxytocin and a NIRS detection of brain function will confirm our hypothesis.
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![Schematics of skin structure and tactile receptors in hairy and hairless (glabrous) skin. (A) Skin structure including tissues and tactile receptors. This drawing includes both hairy and glabrous skins. (B) Distribution of receptive fields for an afferent fiber type (called Pacinian corpuscle \[PC\], rapidly adapting type II nerve fiber \[RA II\], and fast-adapting type II nerve fiber \[FA II\]) in the palm of the hand and sole of the foot (i.e., glabrous skin) \[[@b24-16_132],[@b78-16_132],[@b79-16_132]\]. Here, PC, RA II and FA II are the same but are used in a different way by different researchers.](16_132f1){#f1-16_132}

![Diagram of HPA axis-oxytocin-GABA-NO from actions (e.g., mindfulness meditation and placebo) to effects (e.g., well-being upregulation and anxiety downregulation) in humans. Abbreviations: OXT, oxytocin; PVN, paraventricular nucleus; HPA axis, hypothalamic-pituitary-adrenal axis; LC-NE, locus coeruleus-norepinephrine (noradrenaline); HNS, hypothalamic-neurohypophyseal system; SNS, sympathetic nervous system; PSNS, parasympathetic nervous system. + indicates upregulation, and − indicates downregulation.](16_132f2){#f2-16_132}
